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Josephson junctions were fabricated using two different methods of barrier formation. The trilayers employed were
Nb/Al-AlOx/Nb on sapphire, where the first two layers were epitaxial. The oxide barrier was formed either by exposing
the Al surface to O2 or by codepositing Al in an O2 background. The codeposition process yielded tunnel junctions
that showed the theoretically predicted subgap current and no measurable shunt conductance. In contrast, devices with
barriers formed by thermal oxidation showed a small shunt conductance in addition to the predicted subgap current.
Josephson tunnel junctions work by connecting the collec-
tive superconducting order of one electrode with that of an-
other via elastic tunneling through a weak link.1,2 The most
robust process devised to date uses the diffusion-limited oxi-
dation of an Al base layer to form a relatively uniform amor-
phous oxide on top of which a second superconducting film
can be deposited.3 For operation at higher temperatures, Nb
can be used for the electrode layers with only a thin Al layer
for oxide barrier formation. As components in macroscopic
quantum circuits, however, these junctions do not perform as
well as desired. Spurious two-level systems arising from ma-
terials defects are viewed as the primary cause,4 but it seems
clear that non-coherent resistive shunting of the junction is
also a source of decoherence. Buhrman and co-workers have
studied the diffusion process and concluded that oxygen va-
cancies caused by inhomogeneous oxidation can lead to a
measurable density of mid-gap states.5 The density of these
vacancies can be substantially reduced by several treatments
that effectively activate diffusion kinetics.6
Another way to improve the kinetics of the oxidation re-
action is to grow the oxide layer-by-layer. In this Letter we
show that resistive transport through a shunting channel can
be eliminated by growing the amorphous AlOx layer-by-layer
at room temperature by codeposition of Al and O2. The
current-voltage (I-V ) characteristics obtained from such junc-
tions conform to predictions for ideal tunneling behavior in
which the subgap current is due to thermally occupied quasi-
particle states in the superconducting electrodes.7 By elim-
inating incoherent coupling modes between the electrodes,
longer coherence times may be achieved and such junctions
may be useful as components in quantum circuits.
Tunnel junctions were fabricated from trilayer samples
grown in a molecular beam epitaxy (MBE) system that has
been described previously.8 Each trilayer had a single-crystal
base electrode consisting of a 1000 A˚-thick Nb (110) film,
grown at 800 ◦C on A-plane sapphire, and a heteroepitaxial
Al (111) layer grown at room temperature. Al was deposited
at a rate of 1-3 A˚/s with the layer thickness varied from 60-
520 A˚. Formation of an oxide tunnel barrier, as described be-
low, was followed by the room temperature deposition of a
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poly-crystalline Nb top electrode. Subsequent device fabri-
cation utilized a selective Nb etch process with self-aligned
SiO2 dielectric and a Nb wiring layer.9
The oxide layer was manufactured in one of two ways, both
at room temperature. The first involved exposing the Al (111)
surface to O2 in a connected chamber for one hour at 10 torr.
This is the conventional approach developed by Gurvitch et
al.,3 where the thickness of the oxide is determined by a com-
bination of exposure and diffusion kinetics. The second pro-
cess involved the codeposition of Al and O2 at room temper-
ature on the Al (111) surface in the MBE chamber.8 The O2
partial pressure during codeposition was 5×10−6 torr. In this
case, the stoichiometry of the as-grown oxide was limited by
the oxidation equilibrium on the growing surface. These sam-
ples were further exposed to O2 as described above.
The trilayer samples were studied using in situ reflec-
tion high-energy electron diffraction (RHEED) and ex situ
atomic force microscopy (AFM) and x-ray diffraction (XRD).
Diffraction measurements confirmed the epitaxial nature of
the Nb/Al bi-layers. Al (111) was found to grow on Nb (110)
in the Nishiyama-Wassermann orientation,10 with Al [1¯11] ‖
Nb [001], consistent with previously published reports.11,12
XRD analysis also revealed twinning in the Al film arising
from the two fcc (111) stacking variants.
RHEED patterns showed an evolution of the Al surface
morphology during deposition. Diffraction images from the
Al (111) surface are shown in Fig. 1. Thinner films (less than
about 100 A˚) showed superimposed RHEED and transmission
patterns, indicating a mixed morphology of flat regions and
islands. With increasing thickness the transmission spots dis-
appeared leaving only the RHEED streaks indicative of a flat
surface. RHEED measurements also indicated that the AlOx
layers were amorphous, regardless of the process details.
AFM measurements confirmed the morphological evolu-
tion of the epitaxial Al films. Figure 1 shows the surface
morphology of Al (111) layers measuring 65 A˚ and 200 A˚
in thickness. Thicker Al layers typically had an rms rough-
ness of less than 5 A˚, while thinner ones commonly showed
pin holes that penetrated the entire film thickness. (Because of
the similar growth conditions and film thickness, we suspect
that it was this lack of Nb coverage that may have caused the
devices of Braginski et al.13 to exhibit leakage.)
Because superconductivity in the Al layer relies on the
proximity effect at 4.2 K, devices with different Al thicknesses
should exhibit contrasting behavior. In Fig. 2 the I-V char-
acteristics of two 10× 10 µm2 devices measured at 4.2 K
are shown, one with 215 A˚ of Al and the other with 470 A˚.
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FIG. 1. (Color online) RHEED (a) and AFM (c) from a 65 A˚ Al
(111) film grown on Nb (110). Panels (b) and (d) show similar mea-
surements made on a 200 A˚ thick Al layer. AFM scan areas are 2 ×
2 µm2.
The most striking difference is the voltage range over which
quasiparticle tunneling turns off at the gap voltage. A nar-
rower turn-off was observed for the device with 215 A˚ of Al –
about 0.5 mV – compared with approximately 1.0 mV for the
thicker Al layer. Outside of the subgap structure there was lit-
tle that distinguished these two samples. Both curves showed
a “knee” in the quasiparticle curve at 2.8 mV, common for
Nb-based Josephson junctions. The critical currents, Ic, and
normal-state resistances, Rn, were also comparable: 0.37 mA
and 3.4 Ω (215 A˚ Al) versus 0.29 mA and 2.9 Ω (470 A˚ Al).
For comparing diffused and codeposited oxide barriers,
three trilayer samples were grown, all having 200 A˚ of Al but
with different barriers: (1) thermal oxidation of the Al sur-
face; (2) 15 A˚ of codeposited AlOx plus thermal oxidation;
(3) 20 A˚ of codeposited AlOx plus thermal oxidation. Tunnel
junctions fabricated from these trilayers exhibited a range of
critical current densities from 350 A/cm2 for process (1), to
160 and 25 A/cm2 for processes (2) and (3), respectively.
These junctions were subjected to transverse magnetic
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FIG. 2. (Color online) Tunnel junction I-V characteristics measured
at 4.2 K for 10×10 µm2 devices with differing Al layer thicknesses.
Both had diffused oxide barriers, and the only substantial difference
was the fall-off width in the quasiparticle curve at the gap voltage.
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FIG. 3. (Color online) Fiske modes for a 30× 30 µm2 device with
15 A˚ of codeposited AlOx. Colors represent I-V s taken at 4.2 K with
different applied fields in the range 0-17 G. The reentrant shape of
the subgap current leads to retrapping even when the critical current
is nulled. The inset shows the modulation of Ic with field strength.
fields, and the field-dependence of Ic took the familiar Fraun-
hofer form. Fiske modes, indicative of highly uniform tunnel
barriers, were also observed for the devices with codeposited
oxides.14–16 The I-V traces shown in Fig. 3 are from a 30×30
µm2 device with a 15 A˚ codeposited barrier, and demonstrate
these resonances for applied fields ranging from 0-17 G. Over
this range, Fiske modes out to at least 3rd order were excited.
The voltages, Vn, at which Fiske modes occur are related to
the superconducting penetration depth, λ , by the expression
Vn =
nhvph
4eL
=
nhc
4eL
√
d
εr(2λ + d)
,
where L is the junction width, d is the tunnel barrier thick-
ness, εr is the dielectric constant of the barrier, and n is the
mode index. For the 15 A˚ device, the 1st- and 2nd-order
Fiske modes occurred at multiples of 0.27 mV. This voltage
agrees quite well with what Gijsbertson et al.17 and Sugiyama
et al.18 report for similar-sized Nb/Al-AlOx/Nb junctions. V1
= 0.27 mV gives a Josephson frequency of 130 GHz and a
phase velocity, vph = 0.026c. Letting L = 30 µm, d = 15 A˚, and
εr ≈ 10, the resulting value for 2λ is approximately 2200 A˚,
in agreement previous reports.19,20
Junctions with codeposited barriers also show subgap cur-
rents that agree with the theoretical prediction of an ideal tun-
nel junction. Due to the thermal excitation of quasiparticles
at finite temperatures, the subgap current is nonzero, and for
the special case where ∆1 = ∆2 = ∆ and kBT ≪ ∆, the subgap
current, Isg, can be well-approximated by:7
Isg = 2Gn
(
V +
∆
e
)
e−∆/kBT
√
2∆
eV + 2∆ sinh(ξ )K0(ξ ) , (1)
where Gn is the normal-state conductance, K0 is the zeroth-
order modified Bessel function, and ξ = eV/2kBT . For a de-
vice with 15 A˚ of codeposited AlOx both the subgap region
of the I-V curve and the theoretical prediction based on Eqn.
1 using the measured value of Gn are shown in Fig. 4. Also
shown are scaled I-V curves for a tunnel junction with 20 A˚ of
3FIG. 4. (Color online) I-V characteristics of three different 30× 30
µm2 junctions expanded to show the subgap current in greater detail:
one with 15 A˚ of codeposited AlOx, one with 20 A˚ of codeposited
AlOx, and one with a diffused barrier. For comparison, the theo-
retical prediction is also shown. Current values have been scaled
according to the devices’ normal-state resistances.
codeposited AlOx, and one with a barrier formed by diffusive
oxidation of the Al (111) surface. Both of these curves are
scaled according to their respective normal-state resistances.
For the devices with codeposited AlOx barriers the agree-
ment with theory was somewhat surprising, considering that
the condition ∆1 = ∆2 was not obviously satisfied due to the
200 A˚ of Al metal on one side of the junction. However, the Al
layer was epitaxial, having a long mean free path, and the in-
terface with the Nb electrode below was free of chemical im-
purities and structural defects. For this reason, the Nb/Al base
layer likely acted as a homogeneous superconductor, essen-
tially in the Cooper limit, with an electronic structure domi-
nated at 4.2 K by the Nb film.21 Indeed, the I-V characteristics
(Fig. 2) indicated that a 200 A˚ Al layer may be thin enough
for the measured gap to asymptotically approach the bare Nb
value. In addition, the quantitative agreement with theory
suggested that the measured subgap characteristics of these
devices were determined by thermal excitation of quasiparti-
cles and not by defects in the trilayer materials. There was
no apparent transport mode that was not directly attributable
to ideal superconductivity in the electrodes and lossless tun-
neling through the barrier at finite bias. The same could not
be said of the tunnel junction having a diffused oxide barrier
(Fig. 4, red curve), where a shunt conductance appeared in
parallel with the expected subgap current. This shunt con-
ductance could be attributed to a number of possible factors,
some not related to the intrinsic quality of the trilayer ma-
terials at all (eg., device fabrication). However, the fact that
none of our Josephson junctions with diffused barriers showed
the theoretically predicted subgap current – while those with
grown oxides did – led to the conclusion that this extra shunt
conductance was due to defects in the diffused oxide.
In summary, we have fabricated tunnel junctions from tri-
layers with barriers formed by different methods. The base
electrodes in all cases were epitaxial Nb/Al bilayers grown
on A-plane sapphire. The tunnel barriers were formed either
by diffusive oxidation of the Al surface, or by codepositing Al
and O2 on the epitaxial Al layer. Applied magnetic fields were
shown to have the expected effect on Ic, and the observation of
Fiske modes was an indication of particularly uniform barri-
ers. Finally, we found that the subgap currents in devices with
codeposited barriers agreed well with theory, while those with
diffused oxides showed a parallel shunt conductance. This
suggests that codeposition yields a more uniform and higher
quality oxide barrier which may better serve the requirements
of quantum circuits. In particular, codeposition may be key to
minimizing the density of oxygen vacancies in the barrier and
reducing the number of two-level systems observed in super-
conducting quantum bits. This has already been demonstrated
for the case of crystalline tunnel barriers.22 Based on our find-
ings, we speculate that codeposited amorphous tunnel barriers
may be equally advantageous.
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